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Inelastic neutron scattering studies have been carried out on selected phonons and magnetic ex-
citations of a crystal of superconducting (SC) Ca10Pt4As8(Fe1−xPtxAs)10 with the onset transition
temperature T onsetc ∼ 33 K to investigate the role that orbital fluctuations play in the Cooper pair-
ing. The spectral weight of the magnetic excitations, χ′′(Q, ω) at Q = QM (magnetic Γ points) is
suppressed (enhanced) in the relatively low (high) ω region. The maximum of the enhancement is
located at ω = ωp ∼ 18 meV at temperature T = 3 K corresponding to the ωp/kBT
onset
c ∼ 6.3.
This large value is rather favorable to the orbital-fluctuation mechanism of the superconductivity
with the so-called S++ symmetry. In the phonon measurements, we observed slight softening of the
in-plane transverse acoustic mode corresponding to the elastic constant C66. This softening starts at
T well above the superconducting Tc, as T decreases. An anomalously large increase in the phonon
spectral weight of in-plane optical modes was observed in the range of 35 < ω < 40 meV with de-
creasing T from far above Tc. Because this ω region mainly corresponds to the in-plane vibrations
of Fe atoms, the finding presents information on the coupling between the orbital fluctuation of the
Fe 3d electrons and lattice system, useful for studying possible roles of the orbital fluctuation in the
pairing mechanism and appearance of the so-called nematic phase.
I. INTRODUCTION
In the study of physics of Fe-based superconductors,1
it is important to understand what roles the orbital fluc-
tuations plays in realizing the high superconducting (SC)
transition temperature Tc. Of course, it is widely known
that various characteristics of the systems, two dimen-
sional layers of strongly correlated electrons and super-
conductivity in the neighbourhood of the magnetically
ordered phase, suggest that the spin-fluctuation exchange
is relevant to the SC pairing2,3 and that the so-called S±
symmetry of the order parameter ∆ is realized with its
sign reversal between the Fermi surfaces around Γ and
M points in the reciprocal space (Q space). However,
the situation is not simple, because the possibility of the
S++ symmetry without the sign reversal was pointed
out based on the observed small rates of the Tc sup-
pression by non-magnetic impurities much smaller than
those expected for the S± symmetry.
4–7 It has been also
shown theoretically that the orbital fluctuation mecha-
nism can explain the high-Tc superconductivity with the
S++ symmetry as well as various other experimental re-
sults which were simply regarded as evidences for the
S± symmetry.
8–15 Among these works, the primary roles
of the orbital fluctuation enhanced by the Aslamazov-
Larkin type vertex correction due to the spin fluctuation
is emphasized.
Experimentally, the phase diagram of
Ba(Fe1−xCox)2As2 has attracted much attention,
16,17
because we can find many physical characteristics which
are common to many other Fe-based systems. One
example is the existence of the tetragonal-orthorhombic
structural transition at TS higher than the antiferro-
magnetic transition temperature TN, implying that the
orbital degrees of freedom should be taken into consid-
eration besides the spin degrees of freedom. Another
example is that even in the macroscopically tetragonal
phase, the breakdown of the four fold symmetry be-
comes appreciable with decreasing T , in static quantities
such as the electrical resistivity18 and energy splitting
of the electronic band formed by the 3dyz and 3dzx
orbitals19,20 at around the characteristic temperature
(T ∗) significantly higher than TS (we call T
∗ nematic
temperature here.). In arguing these findings, it seems
to be inevitable to have roles of orbital fluctuation in
mind, as stressed by Zhang et al.21 for example. Now,
to answer the question “spin or orbital? ” has become
primarily important for the understanding of the physics
of strongly correlated electrons entangled with spins,
orbitals and probably lattice systems. We have carried
out neutron scattering studies on magnetic excitations
and phonons of a Ca10Pt4As8(Fe1−xPtxAs)10 crystal
with the onset SC transition temperature T onsetc ∼ 33
K to find effects of the orbital fluctuation on these
dynamical behaviors of Fe-based systems. In the phonon
measurements, we focused on particular phonons near
the Γ and M points in its Q space of the pseudo tetrag-
onal cell. These reciprocal points were chosen, because
the orbital fluctuation is expected to be strong.11,12
Parts of the results of studies have been published in
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FIG. 1. (a) Unit cell of Ca10Pt4As8(Fe1−xPtxAs)10 is shown
schematically. (b) Diamagnetic signals of a part of the sam-
ple. The closed and open circles show the result in field and
zero-field cooling conditions, respectively, where the field was
applied parallel to the c direction.
Refs. 22–24.
II. EXPERIMENTS AND CALCULATIONS
Ca10Pt4As8(Fe1−xPtxAs)10 was discovered by Kakiya
et al.25 It has the stacking of –(Fe1−xPtxAs)–Ca–PtAs2–
Ca– layer units as shown schematically in Fig. 1(a).
Within the a-b planes, the so-called
√
5 a0 ×
√
5 a0 unit
cell is formed, a0 (∼3.903 A˚) being the lattice parameter
of pseudo tetragonal cell of the planes25,26 having two Fe
atoms in an FeAs plane. The PtAs2 planes were found,
by NMR 1/T1,
27 to be essentially insulating and nonmag-
netic, and although the crystal structure is rather com-
plicated, we can study the physical properties of the FeAs
conducting planes of Ca10Pt4As8(Fe1−xPtxAs)10, mainly
considering the electronic structure similar to other Fe-
based superconductors.28,29
A single crystal, which weighs ∼ 10 g, was prepared
from the starting mixture of CaAs : FeAs : Pt : Fe with
the molar ratios 1.00 : 1.00 : 0.51 : 0.09 (Ca : Fe :
Pt : As = 1.84 : 2.00 : 0.94 : 3.67). The susceptibility
measurement on a part of the crystal with a SQUID mag-
netometer exhibits a significant shielding diamagnetism
below T onsetc ∼ 33 K as shown in Fig. 1(b). The dis-
tance between the FeAs layers (or lattice parameter c) of
the pseudo tetragonal unit cell estimated from the 00L
reflections (Fig. 2) is ∼ 10.51 A˚. In the same figure, we
can clearly distinguish the epitaxially grown second phase
Ca10Pt3As8(Fe1−xPtxAs)10 with the FeAs-layer distance
c of ∼ 10.33 A˚. This difference between the c values of
these two kinds of phases is commonly found in many pa-
pers published previously. Judging from the very small
fraction of the Bragg reflection intensities of the second
phase, we can find that the second phase does not affect
results of the present studies on their dynamical proper-
ties. As shown in the Appendix, the x value is estimated
to be 0.05–0.06, which is smaller than the value reported
previously.22–24,27 The rapid growth of the shielding dia-
magnetism with decreasing T through T onsetc , the SC
transition occurs in the major part of the sample just
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FIG. 2. X-ray diffraction intensity of 00L reflections of a part
of the crystal used for the neutron scattering measurements.
below T onsetc , or at least, within the T range of a few
degree below T onsetc . We will return this point later in
relation to the magnetic excitation data. In the studies
of the NMR Knight shiftand 1/T1, X-ray structural anal-
yses, magnetic susceptibility and electrical resistivity, no
evidence for structural and antiferromagnetic transitions
has been observed,26,27,30 which is contrasted to the case
of Ca10Pt3As8(Fe1−xPtxAs)10.
31–33
Data of the spin excitations and low-energy phonons
were collected with both the thermal (2T1) and cold
triple-axis-spectrometers (4F2) at the neutron reactor
ORPHEE of Laboratoire Leon Brillouin (LLB), France,
respectively, where incident and scattered beams were
focused by pyrolytic graphite 002 monochromater and
analyzer, respectively. The collimation conditions were
fully open. Neutron data of optical phonons were col-
lected with the thermal triple-axis spectrometer (HB-3)
at HFIR of Oak Ridge National Laboratory, USA. The
collimation condition was 48′-40′-40′-70′. In all cases, py-
rolytic graphite filters were placed before the analyzer to
eliminate the higher order reflections.
The phonon energies have been calculated for
Ca10Pt4As8(FeAs)10 by the first-principle calculation
package, Vienna Ab initio Simulation Package(VASP),34
where the structure of Ca10Pt4As8(FeAs)10 optimized
before the phonon calculation was used (The crystal pa-
rameters thus obtained are in the previous report.35;
space group P4/n). The calculated phonon results are
compared with the experimentally observed ones.
III. RESULTS AND DISCUSSION
A. Magnetic scattering
First, we briefly show results of magnetic
scattering obtained for the crystal sample of
Ca10Pt4As8(Fe1−xPtxAs)10. The typical Q-
scan profiles of the magnetic scattering intensity
Imag(Q, ω) = (n+ 1)χ
′′
mag(Q, ω) obtained at constant-ω
with the scattered neutron energy Ef = 14.6 meV are
shown in the left panel of Fig. 3, n being the Bose factor,
where the directions of the longitudinal and transverse
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FIG. 3. (Left) Q scan profiles of the magnetic excitation spectra measured along L- and T-directions (inset), respectively,
through the M point Q = (0.5, 0.5, 0) at T = 38 K. (Right) The difference of the intensities of the magnetic excitations at the
M point Q = (0.5, 0.5, 2) between T = 3 K (SC) and 38 K (normal) (solid circles), and between 24 K (SC) and 38 K (normal)
(open circles). The arrow indicates the energy of the peak position of the difference.
scans through the M point (1/2, 1/2, 0) (L- and T-scans,
respectively) are also shown in the inset. The anisotropy
of the profile width is clearly observed as reported
commonly for various other Fe-based systems.36–38 The
difference of the magnetic scattering intensities between
38 K (> Tc) and two temperatures, 24 K and 3 K (< Tc)
observed at another M point Q = (1/2, 1/2, 2) are in
the right panel of Fig. 3. From the figure, we can see the
following. (1) With decreasing T through Tc, or with in-
creasing SC order parameter ∆, the magnetic scattering
intensity in the low-energy region is suppressed and it is
enhanced in the high-energy region, and the maximum
of the enhancement is found at ω = ωp ∼ 18 meV, which
corresponds to ωp/kBT
onset
c ∼ 6.3. (2) The spectral
weight was found to be zero in the low ω-region (at
least ω . 7 meV at 3 K), indicating that the SC state
is established above 24 K all over the whole volume,
as stated in section II. The peak of the enhancement,
is usually expected for SC order parameters ∆ with
the sign reversal, and called “the resonance peak”. For
Fe-based systems, as Maier and Scalapino39 pointed
out, it appears, if the spin-fluctuation mechanism is
relevant to the superconductivity, at ωp smaller than
the value of |∆Γ| + |∆M|, ∆Γ and ∆M being the order
parameters at the Fermi surfaces around the Γ and M
points, respectively. However, it was also pointed out
in Refs. 8 and 9 that even for the S++ symmetry of
∆, such a peak can be expected at ωp ≥ |∆Γ| + |∆M|,
if we consider the electron dissipation effect. On this
point, we cite Ref. 40, which shows that the observed
relation ωp/kBTc ∼ 4.3 holds for various systems, and
that larger values of ωp/kBTc have been found for
Ca10PtnAs8(Fe1−xPtxAs)10 (n = 3 and 4) systems,
including the present data ωp/kBT
onset
c ∼ 6.3. Because
it is not easy to experimentally determine the ∆ values
accurately, we cannot distinguish which one of the S±
and S++, the relation ωp/kBT
onset
c ∼ 4.3 itself supports.
Then, the relation ωp/kBT
onset
c ∼ 6.3 observed here,
which is favorable to the S++ symmetry, is rather
encouraging. (Note that ωp/kBT
onset
c observed here is
regarded as its minimum estimation in the sense that
we used the onset value T onsetc instead of Tc.) Then,
we proceeded the phonon measurements, the results of
which are described in the next section.
B. Phonons
Phonon measurements have been carried out for two
kinds of modes with main characters of the in-plane
transverse acoustic (TA) phonon near the Γ point and
in-plane optical modes at an M point mainly polar-
ized within the FeAs plane, because the orbital fluc-
tuation is theoretically expected to be strong at these
points.11,12,14 The former phonon corresponds to the elas-
tic constant C66, which is well-known to exhibit the soft-
ening in Ba(Fe1−xCox)2As2 as T decreases toward the
tetragonal-orthorhombic transition point TS.
41,42 In the
present case, the corresponding TA phonon was mea-
sured at several Q = (2, 0, 0) + q and T points with
q = (0, q, 0). The observed ω-scan profiles are shown
in Fig. 4 at two fixed q-values of 0.05 and 0.25, for ex-
ample. They were obtained with the neutron energy-
loss condition and with the final energy being fixed at
Ef = 5.57 meV and Ef = 8.00 meV, respectively. Be-
fore the measurement at q = 0.05, the Bragg point (2,
0, 0) was adjusted at each T point to ensure an accurate
value of q. The phonon energies were determined by fit-
ting the Gaussian line shape as shown in Fig. 4, where
the intensity is divided by the Bose population factor
n + 1. The results are shown in Fig. 5 in the form of
ωq(T )/ωq(T = 250 K) for q = 0.05, 0.15 and 0.25. (Cal-
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FIG. 4. The TA phonon profiles obtained by scanning the
transfer energy ω at Q = (2, 0, 0) + q with two q vectors of
(0, 0.05, 0) and (0, 0.25, 0) are shown. The solid curves are
fitted lines. The horizontal lines are their baseline, shifted
arbitrarily for each temperature from 5 K to 260 K.
culations using the convolution of the resolution function
gave essentially the same results.) In the figure, we can
see the softening tendency of the phonon energy at q =
0.05 as compared to those at the higher q points with
decreasing T , that is, the energy at q = 0.05 shifts to
the lower-energy side, while those at q = 0.25 have the
opposite tendency. The relative magnitude of the soften-
ing fraction extrapolated to (q, T )→0 is consistent with
the data of the elastic constant C66 reported for the opti-
mal or slightly overdoped Ba(Fe1−xCox)2As2,
42 which is
also SC and exhibit none of the magnetic and structural
transitions. (Here, note that ω ∝ √C66.)
The dispersion curves of this in-plane TA branch was
compared with those obtained by the first principle cal-
culation for the pseudo tetragonal cell, where the calcu-
lated and experimental results were found to agree rea-
sonably well , even though we used the crystal structure
of Ca10Pt4As8(FeAs)10 optimized by the calculation.
We next move to the study of the in-plane optical
phonons. The phonon intensity was measured at the
fixed scattering vector Q = (2.5, 0.5, 0) by scanning
the energy transfer ω, where the final neutron energy
was fixed Ef = 14.7 meV. Note that this spectrome-
ter setting is to see the phonon modes mainly having
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FIG. 5. Temperature dependences of the phonon frequencies
of the TA branch measured at Q = (2, 0, 0) + q are shown
for q = (0, q, 0), (q = 0.05, 0.15, and 0.25) in the form of
ωq(T )/ωq(T = 250 K)−T plot. The curves in the figure are
guides for the eye.
in-plane polarizations at the M point. Then, after sub-
tracting the ω-independent background intensity (B.G.)
determined in the high energy region from the raw data
Iph(Q, ω), we have obtained the phonon spectral weight
χ′′ph(QM, ω) = [Iph(QM, ω) − B.G.]/(n + 1), and the re-
sults are shown in Fig. 6 against ω for various T values.
We can find significant T dependence of χ′′ph(QM, ω) in
the region of ω around 37 meV. Note that no spectral
weight exists above 40 meV, as shown below by the cal-
culation. The data for ω > 45 meV are just due to the
excess B.G. at Q = (2.5, 0.5, 0).
To study the origin of this strong T dependence,
we first calculated, by the first principle calculation,35
the partial phonon density of states g(i)(Q, ω) =
∑
j e
(i)
j (Q) δ(ω − ωj(Q)) with e(i)j (Q) being the i (x,
y, or z) component of the polarization vector of the j-th
mode (or we often specify the atomic element of the j-th
mode, too, by only this j). The results are shown for the
i-component of Fe and As motions in Figs. 7(a) and 7(b),
respectively, where we find that the peak positions of the
total density of states seem to be slightly shifted to the
lower side from the observed peak positions at 300 K.
We can also see that all modes at the M point are in the
region less than 40 meV and the peak at the largest en-
ergy originates mainly from the in-plane vibrations of Fe
and As atoms. Although the observed phonon intensity
(Fig. 6) cannot be compared directly with the calculated
data shown in Fig. 7, partly because the former has the
factor | e(i)j (Q) ·Q |2 instead of e(i)j (Q) in the latter, we
can, at least, say that the observed highest-energy peak
of g(i)(Q, ω) corresponds the in-plane motions of FeAs
layers.
From this view point, we plot in Fig. 8 the observed
phonon intensity integrated over the ω region of 35–40
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FIG. 6. Phonon spectral weight at the M point Q = (2.5,
0.5, 0) is shown for several T points. These spectra are cor-
rected by Bose factor after subtracting the ω-independent
background determined in the high energy region.
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and (bottom) in-plane As atoms. Each component of the vi-
brational direction can be distinguished by the colors of the
line. The total density of states represents the sum of the
ones with i = x, y, and z. Note that the red and green lines
almost overlap with each other.
meV against T , together with those in the regions of 10–
16 and 19–23 meV, where the difference among the T
dependences of χ′′ph(QM, ω) are explicitly seen. The data
at Q = (2.5, 0.25, 0) are also shown by crosses taken at
5 K and room temperature.
Here, we add the following point. First, the anoma-
lous T dependence of the phonon intensity cannot be ex-
plained by considering the so-called “false peaks”, which
may appear accidentally due to the spectrometer condi-
tion (see Ref. 43 for details). Second, effects of the Debye-
Waller factor on the T dependence of phonon intensities
is almost independent of the phonon energy ω44 at a fixed
Q point, which is also confirmed by the first principle cal-
culation in the present case at QM = (2.5, 0.5, 0). The
calculation has also confirmed that the Debye-Waller ef-
fect is much smaller than the observation at around ω ∼
37 meV, but seems to be consistent with those in the
other ω regions.
Now, we have found the gradual but rather significant
increase of the phonon spectral weight of the in-plane op-
tical modes. It starts at∼250 K with decreasing T , and is
reminiscent of the similar T dependence of various static
quantities observed in Fe-based systems in the region be-
tween the structural transition (TS) and nematic (T
∗)
temperatures.18–20,45,46 (Note that TS = 0 in the present
sample.) In this T region, the breakdown of the four-fold
symmetry, in particular, the splitting of the 3dyz and
3dzx orbitals have been found
19,20 suggesting the contri-
bution of the strong orbital fluctuation to stabilize the
local lattice distortion. Then, the observed softening of
the in-plane TA phonon and the unusual T dependence of
the in-plane optical phonons should contain information
how the lattice system couples to the orbitals (and/or
spins). In turn, it can be used to distinguish which one
of “spins or orbitals” is primarily important for the real-
ization of the nematic phase and superconductivity.
It is worth noting that if phonons primarily contribute
to the pairing mechanism, unusual T dependence of
χ′′ph(Q, ω) is expected as the superconductivity occurs at
the phonon energy ω ∼ 2∆,47 which is much smaller than
the energy region of the observed unusual T dependence
(around ∼ 37 meV). This excludes the possibility of the
primary relevance of the phonons to the SC mechanism.
(Note that the orbital fluctuation mechanism itself does
not require the primary role of phonons.) Finally, the
strong T dependence of χ′′ph(Q, ω) does not seem to be
confined within the Q region very close to the M point,
as shown by the data atQ = (2.5, 0.25, 0), which remains
as a future issue to be clarified by detailed studies.
IV. SUMMARY
We have carried out inelastic neutron scattering mea-
surements of phonons as well as magnetic excitations of a
single crystal of Ca10Pt4As8(Fe1−xPtxAs)10. The maxi-
mum of the χ′′mag(QM, ω)-enhancement by the supercon-
ductivity is observed at ω = ωp ∼ 18 meV, which corre-
sponds to ωp/kBT
onset
c ∼ 6.3, rather favorable to the S++
symmetry of the order parameter expected by the orbital
fluctuation mechanism. In the measurements of the in-
plane TA phonons, the softening at the Γ point has been
observed, suggesting that it is a common phenomenon of
Fe-based superconductors. In the measurement of the in-
plane optical phonons at the M-point Q = (2.5, 0.5, 0),
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the strong T dependence of the phonon spectral weight
χ′′ph(QM, ω) was found. These phonon behaviors become
appreciable with decreasing T far above Tc. The results
obtained here present information to understand what
roles the orbital fluctuation plays in realizing the super-
conductivity and also nematic behavior found in various
Fe-based systems.
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Appendix A: Pt content in the FeAs planes
In our previous reports, the x value of the present sam-
ple was estimated to be∼ 0.2 by analyzing the line shapes
of 75As NQR and NMR-centerline spectra.27
However, considering the data reported in Refs. 26, 30,
and 48, we have checked the x value again, and found
that, by using the value x = 0.06, the NQR and NMR
data can be explained better than the previous case, as
shown in Fig. A 1. Because it is consistent not only with
the existing reports,26,30,48 but also with the used start-
ing composition, we revise the value. By this revision,
no essential qualitative changes of the results in the pre-
vious reports emerge except the magnitudes of the NMR
Knight shift shown in Fig. 3 of Ref. 27.
∗ k ikeuchi@cross.or.jp
† m sato@cross.or.jp
1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).
2 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008).
3 K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kon-
tani, and H. Aoki, Phys. Rev. Lett. 101, 087004 (2008).
4 A. Kawabata, S. C. Lee, T. Moyoshi, Y. Kobayashi, and
M. Sato, J. Phys. Soc. Jpn. 77, 103704 (2008).
5 M. Sato, Y. Kobayashi, S. C. Lee, H. Takahashi, E. Satomi,
and Y. Miura, J. Phys. Soc. Jpn. 79, 014710 (2010).
6 T. Kawamata, E. Satomi, Y. Kobayashi, M. Itoh, and
M. Sato, J. Phys. Soc. Jpn. 80, 084720 (2011).
7 M. Sato and Y. Kobayashi, Solid State Commun. Special
Issues on Iron Pnictides 152, 688 (2012).
8 S. Onari, H. Kontani, and M. Sato, Phys. Rev. B 81,
060504R (2010).
9 S. Onari and H. Kontani, Phys. Rev. B 84, 144518 (2011).
10 S. Onari and H. Kontani, Phys. Rev. Lett. 103, 177001
(2009).
11 H. Kontani and S. Onari, Phys. Rev. Lett. 104, 157001
(2010).
12 H. Kontani, T. Saito, and S. Onari, Phys. Rev. B 84,
024528 (2011).
13 S. Onari and H. Kontani, Phys. Rev. Lett. 109, 137001
(2012).
14 Y. Inoue, Y. Yamakawa, and H. Kontani, Phys. Rev. B
85, 224506 (2012).
15 H. Kontani and Y. Yamakawa, Phys. Rev. Lett. 113,
047001 (2014).
16 N. Ni, A. Thaler, J. Q. Yan, A. Kracher, E. Colombier,
S. L. Bud’ko, P. C. Canfield, and S. T. Hannahs, Phys.
Rev. B 82, 024519 (2010).
17 M. G. Kim, D. K. Pratt, G. E. Rustan, W. Tian, J. L.
Zarestky, A. Thaler, S. L. Bud’ko, P. C. Canfield, R. J.
McQueeney, A. Kreyssig, and A. I. Goldman, Phys. Rev.
B 83, 054514 (2011).
77
5
A
s 
N
Q
R
 i
n
te
n
si
ty
 (
ar
b
. 
u
n
it
s)
!
Frequency (MHz)!
10         12          14         16!
8!
6!
4!
2!
0!
T = 40 K!
As0(8g)!
As0(2c) 
As1!
!
"
#
$%
&
'
(
%)
*
+,
*
$)
+-
%.
/0
1
2%
3
*
)+
$4
562"5627582"58275!2"
90,:3,*;-%.'<=4
!%!%9,>?@/*,
%%%%%%%%%%%%%7A
6A
B8A
C!A
D5A
E"A
"EA
5DA
!CA
8BA
"F67AG%!%HH%9,>?@/*,
#$7>B
#$7>C
#$B
H = 9.4013 T, T = 100 K!
As0(2c) 
As0(8g) 
As1!
FIG. A 1. The NQR profiles at 40 K (top) and angular (θ)
dependence of the NMR profiles (bottom) taken at 100 K
with the applied magnetic field H = 9.4013 T are shown with
the fitted curves (solid lines) obtained for x = 0.06, θ being
the angle between H and the c axis of the pseudo tetragonal
cell. The N value in AsN indicates the Pt number doped
to the four nearest neighbor Fe sites, and 2c and 8g in the
parentheses indicate the two crystallographically distinct As0
sites (space group: P4/n). In the calculation, the ratios of
the signal intensities of As0(2c), As0(8g) and As1 sites were
approximated as 0.16 : 0.62 : 0.22 by considering the binom-
inal distribution of Pt impurities doped to Fe sites of FeAs
planes.27 (Note that we did not consider the difference be-
tween the two distinct sites of As1(2c) and As1(8g) , because
it does not result in meaningful changes.)
18 J.-H. Chu, J. G. Analytis, K. D. Greve, P. L. McMahon,
Z. Islam, Y. Yamamoto, and I. R. Fisher, Science 329,
824 (2010).
19 M. Yi, D. Lu, J.-H. Chu, J. G. Analytis, A. P. Sorini, A. F.
Kemper, B. Moritz, S.-K. Mo, R. G. Moore, M. Hashimoto,
W.-S. Lee, Z. Hussain, T. P. Devereaux, I. R. Fisher, and
Z.-X. Shen, PNAS 108, 6878 (2011).
20 T. Shimojima, T. Sonobe, W. Malaeb, K. Shinada,
A. Chainani, S. Shin, T. Yoshida, S. Ideta, A. Fuji-
mori, H. Kumigashira, K. Ono, Y. Nakashima, H. Anzai,
M. Arita, A. Ino, H. Namatame, M. Taniguchi, M. Naka-
jima, S. Uchida, Y. Tomioka, T. Ito, K. Kihou, C. H. Lee,
A. Iyo, H. Eisaki, K. Ohgushi, S. Kasahara, T. Terashima,
H. Ikeda, T. Shibauchi, Y. Matsuda, and K. Ishizaka,
Phys. Rev. B 90, 121111(R) (2014).
21 Y. Zhang, M. Yi, Z.-K. Liu, W. Li, J. J. Lee, R. G.
Moore, M. Hashimoto, N. Moore, N. Masamichi, H. Eisaki,
S. K. Mo, Z. Hussain, T. P. Devereaux, Z.-X. Shen, and
D. H.Lu, arXiv: , 1503.01556.
22 M. Sato, Y. Kobayashi, T. Kawamata, Y. Yasui, K. Suzuki,
M. Itoh, R. Kajimoto, K. Ikeuchi, M. Arai, and
P. Bourges, Proc. Int. Conf. Magnetism, J. Kor. Phys. Soc.
62, 1726 (2013).
23 K. Ikeuchi, M. Sato, R. Kajimoto, Y. Kobayashi,
K. Suzuki, M. Itoh, P. Bourges, A. D. Christianson,
H. Nakamura, and M. Machida, Conf. Proc. (SCES 2013),
J. Phys. Soc. Jpn. 3, 015043 (2014).
24 M. Sato, K. Ikeuchi, R. Kajimoto, Y. Kobayashi, Y. Yasui,
K. Suzuki, M. Itoh, M. Nakamura, Y. Inamura, M. Arai,
P. Bourges, A. D. Christianson, H. Nakamura, and
M. Machida, Proc. Asia Pacific Physics Conf. (APPC12),
JPS Conf. Proc. 1, 014007 (2014).
25 S. Kakiya, K. Kudo, Y. Nishibori, K. Oku, E. Nishibori,
H. Sawa, T. Yamamoto, T. Nozaka, and M. Nohara, J.
Phys. Soc. Jpn. 80, 093704 (2011).
26 N. Ni, J. M. Allred, B. C. Chan, and R. J. Cava, Proc.
Natl. Acad. Sci. 108, E1019 (2011).
27 Y. Kobayashi, K. Suzuki, T. Kawamata, M. Itoh, and
M. Sato, J. Phys. Soc. Jpn. 83, 014712 (2014).
28 M. Neupane, C. Liu, S.-Y. Xu, Y.-J. Wang, N. Ni, J. M.
Allred, L. A. Wray, N. Alidoust, H. Lin, R. S. Markiewicz,
A. Bansil, R. J.Cava, and M. Z. Hasan, Phys. Rev. B 85,
094510 (2012).
29 S. Thirupathaiah, T. Sturzer, V. B. Zabolotnyy,
D. Johrendt, B. Buchner, and S. V. Borisenko, Phys. Rev.
B 88, 140505(R) (2013).
30 T. Stu¨rzer, G. D. Derondeau, and D. Johrendt, Phys. Rev.
B 86, 060516(R) (2012).
31 T. Stu¨rzer, G. M. Friederichs, H. Luetkens, A. Amato, H.-
H. Klauss, and D. Johrendt, J. Phys., Condeds. Matter
25, 122203 (2013).
32 A. Sapkota, G. S. Tucker, M. Ramazanoglu, W. Tian,
N. Ni, R. J. Cava, R. J. McQueeney, A. I. Goldman, and
A. Kreyssig, Phys. Rev. B 90, 100504(R) (2014).
33 P. Gao, L. Sun, N. Ni, J. Guo, Q. Wu, C. Zhang, D. Gu,
K. Yang, S. Jiang, R. J. Cava, and Z. Zhao, Advanced
Materials 26, 2346 (2014).
34 G. Kresse and J. Furthmuller, Phys. Rev. B 54, 11169
(1996).
35 H. Nakamura and H. Machida, Physica C 484, 439 (2013).
36 C. Lester, J.-H. Chu, J. G. Analytis, T. G. Perring, I. R.
Fisher, and S. M. Hayden, Phys. Rev. B 81, 064505 (2010).
37 S. O. Diallo, D. K. Pratt, R. M. Fernandes, W. Tian,
J. L. Zarestky, M. Lumsden, T. G. Perring, C. L. Broholm,
8N. Ni, S. L. Budko, P. C. Canfield, H.-F. Li, D. Vaknin,
A. Kreyssig, A. I. Goldman, and R. J. McQueeney, Phys.
Rev. B 81, 214407 (2010).
38 H.-F. Li, C. Broholm, D. Vaknin, R. M. Fernandes, D. L.
Abernathy, M. B. Stone, D. K. Pratt, W. Tian, Y. Qiu,
N. Ni, S. O. Diallo, J. L. Zarestky, S. L. Budko, P. C.
Canfield, and R. J. McQueeney, Phys. Rev. B 82, 140503
(2010).
39 T. A. Maier and D. J. Scalapino, Phys. Rev. B 78,
020514(R) (2008).
40 M. A. Surmach, F. Bruckner, S. Kamusella, R. Sarkar,
P. Y. Portnichenko, J. T. Park, G. Ghambashidze,
H. Luetkens, P. Biswas, W. J. Choi, Y. I. Seo, Y. S. Kwon,
H.-H. Klauss, and D. S. Inosov, arXiv: , 1411.7858.
41 T. Goto, R. Kurihara, K. Araki, M. Mitsumoto,
M. Akatsu, Y. Nemoto, S. Tatematsu, and M. Sato, J.
Phys. Soc. Jpn. 80, 073702 (2011).
42 M. Yoshizawa, D. Kimura, T. Chiba, A. Ismayil, Y. Nakan-
ishi, K. Kihou, C.-H. Lee, A. Iyo, H. Eisaki, M. Nakajima,
and S. Uchida, J. Phys. Soc. Jpn. 81, 024604 (2012).
43 G. Shirane, S. M. Shapiro, and J. M. Tranquada, Neu-
tron Scattering with a Triple-Axis spectrometer (Cam-
bridge University Press, 2006).
44 C. Kittel, Quantum Theory of Solid (John & Wiley Sons
INC, 1963).
45 H. Miao, L.-M. Wang, P. Richard, S.-F. Wu, J. Ma,
T. Qian, L.-Y. Xing, X.-C. Wang, C.-Q. Jin, C.-P. Chou,
Z. Wang, W. Ku, and H. Ding, Phys. Rev. B 89,
220503(R) (2014).
46 S. Kasahara, H. J. Shi, K. Hashimoto, S. Tonegawa,
Y. Mizukami, T. Shibauchi, K. Sugimoto, T. Fukuda,
T. Terashima, A. H. Nevidomskyy, and Y. Matsuda, Na-
ture 486, 386 (2012).
47 T. A. Maier, S. Graser, P. J. Hirschfeld, and D. J.
Scalapino, Phys. Rev. B 83, 220505(R) (2011).
48 C. Lo¨hnert, T. Stu¨rzer, M. Tegel, R. Frankovsky, G. M.
Friederichs, and D. Johrendt, Angew. Chem. Int. 50, 9195
(2011).
